Particle-tracking methods are used to study gelation in a colloidal suspension of Laponite clay particles. We track the motion of small fluorescent polystyrene spheres added to the suspension, and obtain the micron-scale viscous and elastic moduli of the material from their mean-squared displacement. The fluorescent spheres move subdiffusively due to the microstructure of the suspension, with the diffusive exponent decreasing from close to one at early times to near zero as the material gels. The particle-tracking data show that the system becomes more heterogeneous on the microscopic scale as gelation proceeds. We also determine the bulk-scale moduli using small-amplitude oscillatory shear rheometry. Both the macroscopic and microscopic moduli increase with time, and on both scales we observe a transition from a primarily viscous fluid to an elastic gel. We find that the gel point, determined as the time at which the viscous and elastic moduli are equal, is length-scale dependent-gelation occurs earlier on the bulk scale than on the microscopic scale.
I. INTRODUCTION
Aqueous suspensions of colloidal clay particles have many industrial applications, including drilling fluids, paints, ceramics, cosmetics, and pharmaceutical products. Clay suspensions have also attracted much fundamental interest due to their rich phase behavior and interesting mechanical properties ͓1͔. Clay suspensions also show rheological aging ͓2͔, that is, their mechanical properties change significantly over time. The bulk-scale behavior of these materials derives from microscopic-scale interactions among the suspended particles, and a comprehensive understanding of their behavior thus requires an understanding of the relationship between structure and properties on these two very different length scales.
In this work we examine the gelation over time of a suspension of Laponite in water by tracking the thermally driven motion of micron-scale tracer particles ͓3-6͔. Laponite is a synthetic clay consisting of disklike particles 30 nm in diameter and 1 nm in thickness. It is commonly used as a model system for studying yield stress and aging phenomena in complex fluids. The suspended Laponite particles are charged and interact via both electrostatic and van der Waals forces. The strength of the electrostatic interactions can be tuned by changing the concentration of ions in the suspension, making both gel and glass phases possible ͓7,8͔. At low ionic strength, electrostatic repulsion dominates and Laponite forms a glass, while a higher concentration of ions screens the electrostatic interactions allowing formation of an attractive gel phase. These soft solid phases can form at particle volume fractions of order a few tenths of a percent, compared to about 50% for uncharged colloidal particles and hard sphere suspensions. The work reported here is done at a relatively high ionic strength, in the regime in which Laponite forms a gel.
The gelation transition from the predominantly viscous fluid ͑sol͒ phase to the primarily elastic gel phase is a percolation transition at which the interparticle interactions result in the formation of an extensive fractal aggregate that spans the whole system ͓1,9-12͔. Gelation has also been discussed in terms of a jamming transition ͓13͔. The nature of the gel-formation process and of gel phases formed under different conditions is complex, and has been discussed in detail in a recent review paper ͓12͔. The viscoelastic properties of a variety of materials have been studied near the gel transition by applying a small-amplitude oscillatory shear to the material. The resulting stress is measured as a function of frequency. Chambon and Winter first reported that the viscous and elastic moduli of polydimethylsiloxane, a chemical gel, showed the same power-law scaling over a wide range of frequencies at a particular age, which they identified as the gel point ͓14,15͔. Similar behavior has been observed at the gel point of many chemical and physical gels ͓15-20͔. The zero-frequency viscosity in the sol phase displays a powerlaw divergence as a function of frequency as the gel transition is approached, while the equilibrium shear modulus shows a continuous power-law increase from zero in the gel phase. Dynamic light scattering has also been used to study aging and the gelation process on a microscopic scale ͓19,21-26͔. The temporal autocorrelation function of the scattered light intensity shows a power-law decay with time at the gel point. In both cases the power-law behavior indicates that relaxation occurs on all time scales at the gel transition.
Several experimental studies have been performed on Laponite suspensions, mainly using scattering techniques ͓8,22,25-39͔ and bulk rheological measurements ͓29,40-42͔. Kroon et al. performed dynamic light scattering studies on the sol-gel transition in Laponite ͓23͔. They found that the transition is marked by a change in the intensity of the scattered light with the autocorrelation function of the scattered intensity showing relaxation times stretching over more than five orders of magnitude. Ruzicka et al. ͓8 ,25͔ observed different routes to gelation as a function of clay concentration and found that the arrested state was inhomogeneous at low concentration and homogeneous at higher concentration. Rheological measurements have shown that the sol-gel transition shifts to lower volume fractions with increasing ionic strength ͓29͔. The viscous and elastic moduli of gelling Laponite suspensions showed a power-law frequency dependence at a well-defined gel time, suggesting that the gelation was due to the formation and growth of self-similar clusters ͓41͔, consistent with the percolation model. Pignon et al. proposed that Laponite gels form a fractal network made up of aggregates which are themselves on the order of a micron in size ͓22,31͔. The age-dependence of the local rheology of a Laponite suspension was studied using a small magnetic probe ͓43͔. Recently a combination of active and passive microrheological measurements performed using optical tweezers were used to validate the fluctuation-dissipation theorem in an aging Laponite suspension ͓44͔.
The technique used in the present work is particletracking microrheology, which makes use of the thermally driven diffusive motion of tracer particles suspended in the material of interest to probe its local viscoelastic properties ͓3-6͔. With the aid of the fluctuation-dissipation theorem, the local linear viscoelastic moduli are calculated from the mean-squared displacement of the tracer particles ͓4͔. The particle-tracking technique probes the linear viscoelastic response of the material to thermal fluctuations on the length scale of the tracer particles. When the particles are large compared to the characteristic length scale of any structure in the fluid, the viscoelastic moduli calculated in this way will be the same as those measured on the bulk scale. On the other hand, if the particles are small compared to any structure, the microrheological moduli will characterize the local environment in which the particles move. Finally, if the two length scales are comparable, then particle tracking provides information about the structure and viscoelastic properties of the material on that length scale. Recently, particle-tracking microrheology has been used to study the properties of a variety of gel systems, including attractive colloidal particles ͓45͔, Carbopol, a polymer microgel ͓46,47͔, a hectorite clay suspension ͓48͔, and gellan gum ͓49͔. We use particletracking methods to monitor the gelation of a Laponite suspension over time. From the mean-squared displacement of the tracer particles we determine the viscous and elastic moduli of the suspension on the microscopic scale and obtain information about the evolution of the small-scale structure of the material as it gels. By comparing our microrheological results to those from bulk-scale shear rheometry, we demonstrate that the time scale for gelation is longer on smaller length scales. The details of our experiments are given Sec. II. The results are presented in Sec. III and discussed in Sec. IV. Section V is a brief conclusion.
II. EXPERIMENT

A. Sample preparation
The material used in this study is Laponite RD ͓50͔͒ and mixed thoroughly overnight. The salt serves to control the ionic strength of the suspension and screen the long-range electrostatic interactions between clay particles. The pH of the suspension was then adjusted to 10 by addition of NaOH to inhibit the dissolution of the clay particles ͓28,51͔. The purpose of the present experiments was to compare gelation of the Laponite suspension on the microscopic and macroscopic length scales. We started the measurements from an initial fluidized state in which any preexisting microstructure had been destroyed. Laponite undergoes irreversible changes in material properties over long times as a result of slow chemical reactions with atmospheric gases, particularly CO 2 . To minimize the irreversible changes which occurred over the duration of our experiments, we covered the suspension after preparation and allowed it to stand for 1 month before measurements were made. The suspension was then subjected to strong stirring to break up the gel which formed over this period. Fluorescent polystyrene microspheres ͑Duke Scientific, Freemont, CA͒ of radius 0.50 m, density 1.05 g / cm 3 , and refractive index 1.59 were then added to the suspension and stirring was continued for 8 h to ensure that the spheres were completely mixed in to the sample. The suspension was then covered and left undisturbed overnight. Material from this sample was used for both the particle-tracking and the bulk rheological measurements. Immediately prior to the start of the particle-tracking measurements, the sample was sonicated for approximately 30 min to break down any preexisting microstructure and to prepare the suspension in a reproducible fluid state which was the initial condition for our measurements. The aggregation time t w is defined as the time from the end of the sonication to the start of the particle-tracking measurement.
Sample cells were made by gluing three small glass bars cut from a microscope slide onto a second slide with optical cement to form a U-shaped wall of dimensions 10ϫ 10 ϫ 0.75 mm 3 . A cover slip was then glued to the top of this wall to form a chamber with a volume of approximately 0.075 cm 3 . The Laponite samples were loaded into the cells with a glass dropper, and the cells then sealed with an inert silicone grease.
B. Video microscopy and multiple particle tracking
The fluorescent microspheres suspended in the Laponite samples were imaged using an inverted fluorescence microscope ͑Nikon Eclipse TE 2000U͒ with a 40ϫ objective. To minimize the influence of the cell walls, the microscope was focused at the vertical midpoint of the cell and far from the lateral walls. At any time, 30-50 particles were present in the microscope's field of view. A charge-coupled-device camera was used to capture images of the tracer particles for 50 s at a rate of 10 video frames per second. Since the duration of the measurement is always much less than t w , changes in materials properties over the course of the measurement are insignificant. The spatial resolution and scale of the images was determined using an etched calibration slide. The resolution was higher in one direction ͑which we define as the x direction͒ than the other because of the way in which the camera records images; the resolution in the x direction was 0.33 m / pixel. Measurements were made at a temperature of 22Ϯ 0.1°C.
The video images were stored directly on a personal computer and analyzed following the experiment to obtain the positions and trajectories of the tracer particles using image processing software described in detail in Refs. ͓52,53͔. From the trajectories, we calculated the one-dimensional mean-squared displacement of the tracer particles in the x direction, ͗x
Here t is an arbitrary starting time and a lag time between data points. The angle brackets indicate an ensemble average over all particles as well as over all starting times.
The viscous and elastic moduli of the material on the length scale sampled by the tracer particles can be calculated from ͗x 2 ͑͒͘ using a generalized Stokes-Einstein relation ͓3,4͔. This relation is derived under the assumption that the inertia of the tracer particles can be neglected, and that the tracer particles are much larger than any microstructure in the material. In this formulation, the magnitude of the frequency-dependent complex modulus is given by ͓4͔
where k B is the Boltzmann constant, T the temperature, ⌫ the gamma function, and a the radius of the tracer particles. ␣͑͒ is the frequency-dependent logarithmic slope of the mean squared displacement and is evaluated at reciprocal time =1/ as
The microrheological viscous and elastic moduli, G m Љ and G m Ј , respectively, are given by ͓4͔
and
͑4͒
The subscript m on the symbols for the moduli distinguishes them from the bulk-scale moduli introduced below.
Since the gel we study forms via a percolation transition, the material is expected to have structure on all scales ranging from the size of the basic building blocks of the percolation cluster to the size of the sample. Our 0.5 m tracer particles are thus not large compared to the structural scale, so our particle-tracking experiments probe the properties of the suspension only on length scales up to the particle size. The viscous and elastic moduli determined from our particle tracking data are therefore not expected to be quantitatively the same as the bulk moduli obtained from the rheological measurements described below. Rather, they should be interpreted as "effective" moduli which characterize the viscoelastic properties of the material on the micron scale.
C. Bulk rheology
An Ares RHS strain-controlled rheometer ͑TA Instruments, New Castle, DE͒ was used for the bulk rheological measurements. We used a Couette cell, which consists of a cylindrical cup of diameter 34 mm in which a bob of diameter 32 mm and length 34 mm is inserted. The cup is rotated to apply the required deformation and the resulting stress is determined from the measured torque on the bob. This geometry was used because at the early stages of the experiment the samples have very low viscosity and are difficult to load into the alternative cone-and-plate or parallel plate geometries. The Laponite sample ͑including the added microspheres͒ was taken from the same batch of material used for the microscopic measurements. An environmental housing was placed over the open top of the Couette cell to maintain a humid atmosphere above the sample and to reduce evaporation or drying of the sample over the course of the experiments. The temperature of the rheometer tool was controlled with a temperature-controlled circulating fluid bath at 22Ϯ 0.1°C.
To study the variation of the linear viscous and elastic moduli of the bulk material as it gels, we first presheared the sample at a shear rate ␥ of 100 s −1 for 60 s prior to the measurement. The preshear ensures that the material is in a fluidized state before the measurements. Measurements on samples presheared in this way, and on samples sonicated as in the particle-tracking experiments, showed that the two methods of preparing the material produced suspensions with very similar rheological properties and time evolution. For the bulk experiments, t w was measured from the end of the preshear. We then applied a oscillatory strain with an amplitude of 0.05 and a frequency of 1 rad/ s, and determined the bulk viscous and elastic moduli G b Љ͑t w ͒ and G b Ј͑t w ͒ from the amplitude and phase of the measured shear stress ͓1,54͔ as the material gelled. For this strain amplitude the suspension is in the linear viscoelastic regime, meaning that the strain is small enough that the structure of the material is not disrupted by the measurements and the moduli are independent of amplitude. We also measured G b Љ and G b Ј as a function of the strain amplitude to monitor the transition from the linear to the nonlinear regime over the course of the gelation process. These two sets of measurements could both be carried out in a few minutes, ensuring that the sample did not age significantly over the course of the measurements. On the other hand, measurements of the flow curve ͑stress as a function of shear rate͒ took considerably longer and could not be used to determine the yield stress because the properties of the suspension changed over the time required to do the measurements. Instead we obtained a self-consistent estimate of the yield stress from the data for G b Ј as described below. Figure 1 shows the mean-squared displacement ͗x 2 ͑͒͘ as a function of lag time for several different values of the aggregation time t w . Over most of the range of the data ͗x 2 ͑͒͘ approximately follows a power-law dependence on , ͗x 2 ͑͒͘ ϳ ␣ . For pure diffusion in a viscous medium, ␣ =1, while if ␣ Ͻ 1, the motion of the tracer particles is subdiffusive and elastic effects are present. Our results show that even for the earliest time studied ͑for which t w = 1800 s͒ the motion of the tracer particles is subdiffusive, that is, the mean-squared displacement increases more slowly than linearly with . As t w increases, the material becomes more viscous and ͗x 2 ͘ decreases for a given lag time, but the slope ␣ also decreases. For t w տ 4800 s, ͗x 2 ͘ is small and almost independent of lag time, indicating that at this value of t w and beyond, the tracer particles are almost immobile. Figure 2 shows the effect of the aggregation time on ͗x 2 ͑͒͘. The main plot in Fig. 2 shows ͗x 2 ͑͒͘ plotted as a function of t w for a few values of . Initially, ͗x 2 ͑͒͘ decreases rapidly with t w , but beyond a certain aggregation time t w Ã , which is again approximately 5000 s, the meansquared displacement no longer changes with time. The rate of decrease of ͗x 2 ͑͒͘ with time is higher at higher lag times, but the value of t w Ã is independent of within our measurement uncertainties. The inset to Fig. 2 shows the diffusive exponent ␣ as a function of t w . As noted above, ␣ decreases steadily with t w up to the same time t w Ã , beyond which it becomes constant and close to zero.
III. RESULTS
Some sample trajectories of tracer particles at different stages of the aging process are shown in Fig. 3 . In all cases the duration of the trajectories is 50 s. As t w increases, the trajectories become more compact and localized as the particles become less mobile. At early stages ͑t w = 1800 s͒, the particles move almost freely, although the trajectory for this value of t w shown in Fig. 3 spends a lot of time in one particular region before wandering elsewhere. This indicates that even at this time the motion is not completely random and is consistent with the subdiffusive behavior of ͗x 2 ͑͒͘ seen in Fig. 1 . At t w = 3600 s the motion of the tracer particle has become restricted to a particular region of the fluid about 1 m across, of the same order as the particle size. For aggregation times greater than t w Ã ͑t w = 5400 and 72 000 s are shown in Fig. 3͒ , the trajectories are very compact; the particles are effectively trapped and do not move significantly from their mean positions. Figure 4 shows the distribution P͑⌬x͒ of particle displacements ⌬x = x͑t + ͒ − x͑t͒ at a lag time of = 0.5 s for t w = 1800 s ͓Fig. 4͑a͔͒ and t w = 5400 s ͓Fig. 4͑b͔͒. For pure diffusion in a homogeneous material, the probability distribution of ⌬x would be a Gaussian. On the other hand, in a spatially heterogeneous medium, different particles will sample different regions of the fluid which have different local properties and the distribution will deviate from a Gaussian. Figure 4͑a͒ shows that at early times the distribution is fairly well-described by a Gaussian, although there are slight but systematic deviations from the best-fit Gaussian at large ⌬x. At long times, as in Fig. 4͑b͒ , the deviations from a Gaussian distribution are much more pronounced, showing that the suspension is significantly heterogeneous on the scale probed by the tracer particles. The deviations from Gaussian behavior can be quantified using a non-Gaussian parameter N, defined in terms of the ratio of the fourth moment of P͑⌬x͒ to the second moment ͓55͔:
N = 0 for a homogeneous medium in which P͑⌬x͒ is Gaussian, but is nonzero when the distribution deviates from Gaussian. The variation of N with t w shown in Fig. 5 illustrates how the degree of heterogeneity of the sample changes with time. N initially increases sharply with t w , but seems to approach a plateau value beyond t w Ã . Within the experimental scatter, N is independent of lag time.
To study the effect of the fluid structure on the motion of the spheres, we consider correlations between two successive displacements of equal lag time. Let r ជ 01 and r ជ 12 be the twodimensional displacements of the particles in the plane of focus between times t 0 and t 1 = t 0 + and between t 1 and t 2 = t 1 + , respectively, for some fixed lag time . If the motion of the particles is random, the direction of r ជ 12 will be uncorrelated with that of r ជ 01 . On the other hand, if the particles are confined by the fluid's microstructure, then for sufficiently long lag times, successive displacements of a given particle will be negatively correlated-a particle which moves in a certain direction in one step has an increased probability of rebounding in the opposite direction on the next ͓46,47,56,57͔. Figure 6 shows ͗x 12 ͘ plotted as a function of r 01 for = 0.5 s and t w = 1800, 3600, and 72 000 s. Here ͗x 12 ͘ is the mean value of the projection of r ជ 12 in the direction of r ជ 01 . In all cases, the data fall on a straight line with a negative slope. Deviations from linear behavior at a particular distance would indicate a characteristic size of the regions in which the particles are confined; the absence of any such deviations in Fig. 6 indicates the absence of any characteristic length scale in the microstructure over the range of distances probed by our experiments. The magnitude of the slope b is related to the ability of the fluid's microstructure to restrict the motion of the tracer particles, and so is a measure of the microscopic strength of the material. In Fig. 7 , we show the dependence of b on ͗x 2 ͘ 1/2 , the root-mean-squared displacement of the particles, for a number of different values of t w . For samples with t Ͻ t w Ã , b increases approximately linearly with ͗x 2 ͘ 1/2 , that is, the further the spheres move, the more they are restrained by the structure in the fluid. Beyond the gel transition, however, the plot of b vs ͗x 2 ͘ 1/2 is essentially vertical: the particle is completely confined spatially by what looks like a square well potential due to the gel microstructure. The dependence of b on the aggregation time is shown for several different lag times in the inset to Fig. 7 . We observe a steady increase of b with t w up to the same critical The bulk elastic modulus G b Ј is plotted as a function of the strain amplitude ␥ in Fig. 9 . In all cases, G b Ј assumes a plateau value at low strain, corresponding to the linear viscoelastic regime. As ␥ is increased, however, G b Ј starts to decease rapidly at a strain amplitude of approximately 0.15.
We define the yield strain ␥ y as that at which G b Ј decreases to 80% of its initial plateau value, and calculate the yield stress y as y = G b Ј͑␥ y ͒␥ y . Our definition of ␥ y is arbitrary but provides us with an internally consistent method of determining the yield stress for our samples. The inset of Fig. 10 shows ␥ y as a function of t w , and the apparent yield stress is plotted as a function of aggregation time in the main panel of Fig.  10 . As expected, the yield stress of the suspension increases as time passes.
The bulk and micron-scale viscous and elastic moduli are compared in Fig. 11 , where we plot G b Ј and G b Љ-determined from small amplitude oscillatory shear measurements with the rheometer-along with G m Ј and G m Љ , which are determined from analysis of the mean-squared displacement of the tracer particles. In both cases, the frequency is 1 rad/ s. On both the microscopic and the bulk scales, the Laponite suspension is primarily viscous for low aggregation times. Both moduli increase as t w increases, and there is a crossover time t g at which the two moduli are equal; we identify this time with the gel point. On the bulk scale, the gel time t g,b is approximately 1000 s. The elastic modulus continues to increase steadily beyond the crossover, while the viscous modulus increases until t w Ϸ 3000 s, then remains approximately constant. The gel point determined from the microscopic data is later-t g,m is about 3500 s. The microscopic elastic modulus increases fairly rapidly ͑roughly as t w 4 ͒ until t w Ϸ 5000 s ͑consistent with the value of t w Ã determined above͒, beyond which the rate of increase becomes much slower, while the viscous modulus remains constant within the experimental scatter for t w տ t g,m . Both of the macroscopic moduli are more than an order of magnitude larger than the corresponding effective micron-scale moduli.
In Fig. 12 we plot the microscopic gel strength b, determined from the correlation analysis described above, against both the bulk and the micron-scale elastic moduli. Since the measurements of G b Ј͑t w ͒ were not necessarily made at the same values of the aggregation time as the particle-tracking measurements, the data for G b Ј͑t w ͒ were fitted to a smooth curve and interpolated to obtain the modulus at the required values of t w . On the bulk scale, the elastic modulus increases monotonically with t w , as shown in Fig. 11 . In contrast, b increases with t w up to t w Ã , beyond which it becomes constant, as shown in Fig. 7 . This change in behavior of the gel strength shows up clearly at high t w when b is plotted against
, consistent with a linear relationship. The micron-scale elastic modulus G m Ј also initially increases with aggregation time, but, like the gel strength b, becomes approximately constant at t w Ã . Since both quantities plateau at the same aggregation time, this transition is not reflected in the plot of b against G m Ј in Fig. 12, and the relationship between them is well-described by a power law with an exponent of 0.26Ϯ 0.04.
IV. DISCUSSION
Gelation occurs via a percolation transition at which the suspended colloidal particles aggregate to form a macroscopic cluster which spans the sample volume. The viscoelastic response of the sol state is dominated by viscosity, while the gel state is primarily elastic and exhibits a bulk yield stress. At the gel point, GЈ and GЉ are equal and show a power-law dependence on frequency, the viscosity = GЉ / diverges at = 0, while the zero-frequency elastic modulus is zero ͓15,16͔. Our measurements of the bulk viscoelastic moduli G b Ј and G b Љ shown in Fig. 11 are consistent with this behavior and with previous studies on Laponite ͓24,29,41,51͔ and other materials. For small t w the viscous modulus dominates. Both elastic and viscous moduli increase with t w , with the elastic modulus increasing more rapidly as the gel point is approached. At t w = t g,b Ϸ 1000 s, the two moduli become equal, and we identify this aggregation time with the bulk gel point. Around the same time, we observe the development of a measurable bulk yield stress. Beyond the bulk gel point, the suspension is primarily elastic on the bulk scale, but both moduli continue to increase with time, albeit more slowly.
Our measurements of the diffusion of the suspended tracer particles, which probe the viscoelastic properties of the suspension at length scales up to the size of the particle, show that a gel transition also occurs on the microscopic scale. In the fluid state the tracer particles undergo subdiffusive motion and the suspension is primarily viscous on the micron scale: the effective viscous modulus determined from the mean-squared displacement dominates over the elastic modulus. As the suspension approaches the gel point, we observe a steady evolution of the microstructure of the suspension in the sol state, with the microstructure restricting the tracers' motion more and more as the gel transition is approached. The diffusive exponent ␣ which characterizes the particles' motion decreases, while the spatial inhomogeneity of the material increases. Although the microscopic viscous and elastic moduli both increase with t w , the rate of increase of G m Ј is greater and the material becomes progressively more elastic. From Fig. 11 , the micron-scale moduli become equal at t g,m Ϸ 3500 s, significantly later than the bulk gel point. Figure 8͑b͒ shows both micron-scale moduli at t w = 3600 s, slightly beyond t g,m . Figure 8 suggests that exactly at t g,m , the two moduli will be equal and show a power-law dependence on , with an exponent of approximately 0.5, over a large range of frequencies. Assuming that this behavior persists down to zero frequency, our data indicate that at t g,m the micron-scale viscosity m = G m Љ / will diverge as → 0, while at earlier times G m Љ is roughly linear in and the viscosity is finite.
Similarly at t g,m the zero frequency elastic modulus will be zero, while at higher t w it is nonzero. This behavior is completely consistent with what is expected at a gel point, but on the microscopic scale.
Beyond the micron-scale gel point, at t w = t w Ã Ϸ 5000 s, the suspended tracer particles become immobile to within the precision of our measurements. This indicates that a yield stress develops on the microscopic scale as well. Between t g,m and t w Ã , the value of G m Ј continues to increase rapidly.
Above t w Ã , GЈ increases much more slowly. On the other hand the microscopic viscous modulus GЉ appears to increase only slightly beyond t g,m , but then becomes independent of aggregation time within our experimental precision.
These results suggest that the time scale of the gelation process is length-scale dependent. On the scale of a millimeter, corresponding to our bulk rheometric measurements, the gel point is at t g,b . The viscoelastic moduli and the yield stress of the bulk material continue to evolve after that time, reflecting continued development of the microstructure on smaller length scales. At the length scale of order the size of our suspended particles, that is, the length scale probed by our particle-tracking measurements, the gel point is at the later time t g,m . The micron-scale properties again continue to evolve beyond that time, indicating further changes to the microstructure on even smaller scales. The time t w Ã , beyond which our particle-tracking measurements show no further changes in material properties, may thus represent the gel time on an even smaller scale corresponding to the minimum measurable displacement of the tracers. Based on the smallest values of ͗x 2 ͑͒͘ plotted in Fig. 1 , this minimum displacement is approximately 0.02 m, slightly smaller than the diameter of the Laponite disks. We plot the gel time as a function of length scale in Fig. 13 . Given the crudeness of both the time and length scale estimates, the good agreement with the power-law fit shown in the figure is fortuitous, but the increase in gel time with decreasing length scale is nonetheless evident.
The bulk gel point is associated with the formation of a percolation aggregate that spans the sample. Prior to the gel transition, the suspension consists of many clay aggregates with a distribution of sizes within a fluid consisting of water and individual clay particles. Aggregates large compared to the size of the tracers restrict their motion, resulting in subdiffusive behavior and a nonzero elastic modulus, while aggregates much smaller than the particles contribute to the viscosity of the background fluid experienced by the particles. As the bulk gel point is approached, smaller aggregates link together, the motion of the tracer particles becomes more restricted, and both the elastic and viscous moduli increase. At the gel point, a large fractal percolation cluster forms and the material becomes predominantly elastic and develops a yield stress on the bulk scale. On the small scale, however, the suspension still contains many regions that remain in the fluid state locally; since the percolation cluster is a fractal, these fluid regions will have a wide distribution of sizes and no characteristic length scale. The suspended particles will continue to undergo restricted diffusion in these fluid regions despite the fact that the material is macroscopically a gel. As time passes, the aggregates continue to grow and the sol regions diminish in size, as reflected in the continued evolution of the bulk viscous and elastic moduli. Eventually fluid regions roughly the size of the suspended tracer particles will become spanned by gel aggregates which connect to the main percolation cluster, and at that time the motion of the tracer particles will reflect a gel transition on that length scale. Ultimately, the entire material becomes a solid and the particles become completely immobilized. The bulk-scale moduli increase more gradually than do the microscopic moduli. This may reflect the gradual build up of the macroscopic percolation cluster due to aggregation at all length scales, leading to a gradual strengthening of the bulk network. In contrast, the rapid increase of the micron-scale moduli indicates that gelation on the micron scale-which does not involve length scales larger than those probed by our tracer particles-occurs more abruptly.
It is difficult a priori to distinguish between gel and glass phases in soft materials, and Laponite is known to exhibit both ͓7,8͔. We identify the state we study as a gel for several reasons. Our particle-tracking data indicate that the state is inhomogeneous on the micron scale, as expected for a gel formed by an aggregation process. In contrast, the glass state is expected to be locally homogeneous ͓8,12,25͔. We work at a relatively high ion concentration, at which the particle interactions will consist of a screened long-range electrostatic repulsion plus a short-range van der Waals attraction. In this regime, both experiments and simulations point to gelation by an aggregation process that leads to the formation of a percolation cluster ͓12͔. Our data suggest in two ways that the gel structure on the micron scale is fractal, as predicted by the percolation model. First, the power-law scaling of the moduli near the microscopic gel point is consistent with a fractal microstructure. Second, the absence of any deviations from linear behavior of the correlation data presented in Fig.  6 indicates that there is no characteristic length scale over the range of distances probed in our experiments.
Recently, Matsunaga and Shibayama studied the gelation of gelatin solutions as a function of temperature using both conventional rheometry and dynamic light scattering ͓19͔. They found that the gel transition occurred at the same temperature on the length scale probed by their light scattering experiments as on the bulk scale ͑although small-angle neutron scattering experiments did not show a gel transition at the same temperature͒ ͓19͔. This is not inconsistent with the results of the present paper: in the gelatin system, the temperature sets the strength of the interparticle interactions, and for a given interaction strength the entire material will eventually gel. What our results suggest is simply that the gelation does not occur on all length scales simultaneously. It would be interesting to study the kinetics of gelation in the gelatin system to confirm the generality of the present results.
A connection between the microscopic and bulk measurements is provided by the linear relationship between the gel strength b, a microscopic quantity, and the bulk elastic modulus G b Ј shown in Fig. 12 . At a given aggregation time, however, both the macroscopic viscous and elastic moduli are much larger than the corresponding microscopic moduli. Similar results have been obtained with Carbopol gels ͓46,47͔ and Gellan gum ͓49͔, although microrheological measurements have been shown to agree with bulk rheometry for poly͑ethylene oxide͒ ͓3,58,59͔, a suspension of hardsphere silica particles in ethylene glycol ͓3͔; an oil-in-water emulsion ͓3,60͔, and crosslinked poly͑acrylamide͒ ͓61͔. Although it has been suggested that the observed differences may be due to chemical interactions between the probe particles and the material under study ͓49,62,63͔, we believe that, at least in the present case, they indicate a real difference between the rheological properties on the scale probed by the tracer particles and the bulk properties. The fact that we find the gel time to be quite different on the two scales supports this interpretation-this difference cannot be removed by simply scaling ͗x 2 ͑͒͘, for example. In fact, when the size of the probe particles is similar to the length scale of the material's microstructure, the particles are only able to sample the local viscoelastic properties of the material rather than the mean, bulk properties, and thus it is not surprising that differences are observed.
V. CONCLUSION
We have studied the gelation of a colloidal suspension of Laponite clay particles using particle-tracking measurements and conventional shear rheometry. We have measured the evolution of the mechanical properties and the microscopic structure of the suspension as it gels. Our micron-scale measurements probe the local viscoelastic properties of the material rather than its bulk properties, and we observe that the viscoelastic moduli measured on the micron scale are substantially lower than the corresponding bulk-scale moduli. We observe a gel transition, defined by the time at which the viscous and elastic moduli become equal, on both the bulk and microscopic scales. Our results indicate that the transition is length-scale dependent: gelation occurs later on smaller length scales.
